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Introduction {#sec1}
============

The temporal resolution of human body and mind is determined by the processing speed of related neural circuits in the nervous system. Long-distance transmission of information in the nervous system is mainly encoded by the firing frequency and pattern of propagating action potentials (APs). The maximal frequency of APs is a key physiological feature of mammalian central neurons and a determinant of the computational speed of the neural circuits. Rapid neural computation is essential in many important neurophysiological functions. For instance, vestibulo-ocular reflex is vital for stabilizing images on the retinas during head movement, whereas detection of interaural time difference by auditory neurons allows mammals to determine sound location ([@bib19], [@bib66]). The brain contains several types of fast-spiking (FS) neurons, which are capable of firing APs at high frequencies with consistent AP amplitudes and uniform interspike intervals ([@bib5], [@bib46], [@bib59]). These neurons include cerebellar Purkinje and granule cells, auditory neurons, and parvalbumin-positive (PV+) GABAergic interneurons (underlying γ oscillation) in various brain regions ([@bib4], [@bib12], [@bib13], [@bib41], [@bib44], [@bib67]). In particular, PV+ interneurons are critically involved in advanced computations in neuronal networks of higher brain functions, such as learning and memory, cognition, and emotion ([@bib24]). Disrupted electrical signaling in these FS neurons leads to epilepsy, ataxia, and mental disorders ([@bib8], [@bib24], [@bib39], [@bib43], [@bib48], [@bib68], [@bib75]). Therefore, it is critical to understand the ionic mechanisms underlying FS induction and regulation under healthy and pathological conditions.

Among all voltage-gated ion channels, Kv3 voltage-gated K^+^ (Kv) channels appear to play an important role in FS induction. Their unique biophysical properties, including high activation threshold and rapid activation/deactivation kinetics, allow the neurons to quickly repolarize after Na^+^ influx without compromising the inward current and the re-activation of voltage-gated Na^+^ (Nav) channels, which leads to the generation of repetitive AP spiking with narrow AP waveforms (see more details in recent review articles [@bib5], [@bib30], [@bib59]). The Kv3 channel subfamily contains four members, from Kv3.1 to Kv3.4, which are widely expressed in neurons and differ in their biophysical and regulatory properties and expression patterns ([@bib30]). In particular, Kv3.1 channel is highly expressed in many FS neurons and critical for their high-firing frequency ([@bib4], [@bib15], [@bib16], [@bib21], [@bib28], [@bib52], [@bib60], [@bib61], [@bib67]). A recent study suggested that the resurgent current of Kv3.1 resulting from a unique combination of steep voltage-dependent gating kinetics and ultra-fast voltage-sensor relaxation is important for FS ([@bib35]). However, expression of Kv3.1 alone could not account for FS firing patterns seen in all neurons. Some FS neurons, for example, cerebellar Purkinje cells, do not express Kv3.1 or Kv3.2, but express Kv3.3 instead ([@bib27]). Conversely, some neurons express Kv3.1 and/or Kv3.2 channels but are unable to generate FS, for example, somatostatin-positive (SST+) GABAergic interneurons and retinal starburst amacrine cells ([@bib9], [@bib10], [@bib53]). Therefore, how the expression of Kv3.1 itself or other Kv3 isoforms is related to FS remains unclear.

Resurgent Nav currents have also been implicated in generating rapid and repetitive firing of APs in some neurons ([@bib38]). First identified in Purkinje neurons and later in nearly 20 types of neurons, these resurgent currents can be generated transiently upon repolarization following inactivation ([@bib14], [@bib38], [@bib42], [@bib55]). Among 10 α subunits of Nav channels, Nav1.1, Nav1.2, and Nav1.6 are expressed and play critical roles in the adult mammalian brain ([@bib63]). Expression of Nav1.6 ([@bib11], [@bib38], [@bib56]) and Navβ4, one of the β subunits of Nav channels with only one membrane-spanning segment, are critical for generation of the resurgent currents ([@bib2], [@bib38], [@bib57]). It has been shown that resurgent Nav channels in the open-blocked state are unblocked upon membrane repolarization, leading to "resurgent" Na^+^ influx, which contributes to the generation of repetitive high-frequency firing at least in some neurons ([@bib38]).

Two other types of ion channels have been found in FS neurons to regulate their AP firing, including hyperpolarization-activated, cyclic nucleotide-gated cation (HCN) channels and two-pore K^+^ leak channel. HCN channels give rise to hyperpolarization-activated currents (*I*~h~) that are carried by a mixture of Na^+^ and K^+^ and are involved in controlling neuronal rhythmic firing (for more details see a recent review article [@bib6]). Different isoforms of HCN channels are expressed in FS neurons in different CNS regions and likely contribute to the regulation of the firing properties ([@bib1], [@bib26], [@bib25]). On the other hand, using techniques of microarray, immunohistochemistry, and pharmacology, a recent study showed that the two-pore K^+^ leak channels TWIK1 and TASK1 are upregulated during the maturation of neocortical FS GABAergic interneurons, which could lower the input resistance of the neurons to ensure their proper firing features ([@bib51]).

In addition to the expression levels, the localization of the Nav and Kv3.1 channels also directly affects the maximal AP frequency. The axon initial segment (AIS) is the site where the APs are normally initiated and Nav channels are highly concentrated. The studies of neurons in bird nucleus laminaris encoding interaural time difference for sound localization showed that AISs are shorter and more remote for higher frequency neurons ([@bib33], [@bib34]). Our recent studies showed that expression of Kv3.1 channels can convert some SS neurons to FS ones, and an axonally targeted Kv3.1 is more efficient than the dendritically localized Kv3.1 in this process ([@bib21]). However, it is questionable whether FS induction can still be achieved by placing slow-operating channels at the right location alone. Furthermore, based on all previous studies, it is still impossible to rule out that FS can be induced through a previously unrecognized mechanism involving a different ion channel, due to approximately 250 channel genes in the mammalian genome. Taken together, the mechanism that is essential and sufficient for FS induction is still not known.

In the present study, we have obtained several lines of evidence showing that concerted actions of Kv3 and Nav channels are sufficient and necessary for neurons to induce and sustain FS in mammalian neurons. Our experimental results revealed a strong correlation between FS and the balanced activities of these two ion channels. We further demonstrated that expression of Nav channels (Nav1.2 or Nav1.6) with Kv3.1 or Kv3.3, but not alone or with Kv1.2, converted slow-spiking (SS) neurons to FS with 100% efficiency. Finally, we utilized a bioinformatics approach to perform a genome-wide analysis on the expression of Na^+^ and K^+^ channels. We found that the Kv3/Nav mRNA ratio and Kv3 mRNA levels strongly correlate with the maximal AP frequencies of central neurons. Based on our results, we propose a simplistic model that FS is primarily established by the proper balance of high levels of Kv3 and Nav channels, and further fine-tuned by channel biophysical features and localization patterns.

Results {#sec2}
=======

To examine the role of outward Kv currents in FS, we performed current-clamp and voltage-clamp whole-cell recording in identified cortical pyramidal neurons, as well as SST+ and PV+ interneurons, in acute brain slices. Pyramidal neurons were identified by their morphology, and SST+ and PV+ interneurons were identified by the expression of fluorescent protein using SST-Cre;Ai9 and PV-Cre;Ai9 mice. Among all the neurons recorded, PV+ neurons had the highest firing frequency, displayed clear FS phenotype, and had the largest outward Kv currents ([Figures 1](#fig1){ref-type="fig"}A and 1B). Approximately one-third of the outward current of PV+ neurons was blocked by a low concentration of 4- aminopyridine (data not shown), confirming the involvement of Kv3 channels. This result is consistent with our previous finding that Kv3.1 expression is critical for FS ([@bib21]). However, it is yet unknown whether the other three types of Kv3 channels (Kv3.2--Kv3.4) can also induce FS, because Kv3s have different biophysical features and subcellular expression and targeting patterns ([@bib20], [@bib21], [@bib58], [@bib59]).Figure 1Kv3 Channels Display Different Efficacies in Converting Young SS Neurons to FS(A) Example AP traces were recorded from pyramidal neuron (left; n = 16), SST+ neuron (middle; n = 15), and PV+ neuron (right; n = 6) in brain slices under current-clamp mode.(B) The voltage-clamp traces recorded from the same neurons in (A).(C) Example traces of APs induced by current injection (105 pA; 1 s) in cultured hippocampal neurons (7 DIV) transfected with different Kv3 constructs.(D) An example trace of APs recorded from older neurons (17 DIV) transfected with Kv3.3.(E) Waveforms of single APs from transfected young neurons.(F--H) Summary of the quantification of AP firing recorded from young neurons (7 DIV) transfected with different Kv3 constructs; after-hyperpolarization (AHP) potential (F), % SS neurons converted to FS (G), and the input-output relationship (H). One-way ANOVA followed by Dunnett\'s test was used in (F). \*\*p \< 0.01.

Distinct Effects of Kv3 Channel Isoforms on Inducing SS Neurons to FS {#sec2.1}
---------------------------------------------------------------------

To compare the effects of expression of different Kv3 isoforms on FS, we transfected cultured hippocampal neurons at 5 days in vitro (DIV) with YFP alone (negative control), Kv3.1b (positive control), Kv3.2b, Kv3.3, or Kv3.4a and performed whole-cell recording 2 days after transfection. For each recorded neuron, we carried out current-clamp recording first to measure the input-output relationship, and then voltage-clamp recording to measure inward and outward currents. At 7 DIV, under the current-clamp mode, we never observed any cultured negative control hippocampal neuron displaying FS. Interestingly, expression of Kv3.1b, Kv3.2b, or Kv3.4a, but not Kv3.3, converted a significant portion of transfected SS neurons into FS with high firing rate, equal amplitude, and interspike interval ([Figures 1](#fig1){ref-type="fig"}C--1H). Expression of Kv3 significantly narrowed the AP waveform and increased the amplitude of hyperpolarization (after hyper-polarization \[AHP\]). The AHP amplitudes were comparable for Kv3.1b, Kv3.2b, and Kv3.4a, whereas the AHP amplitude in neurons expressing Kv3.3 was smaller ([Figures 1](#fig1){ref-type="fig"}E and 1F).

Compared with young neurons, the AP amplitude and firing frequency increases in older neurons due to the increased expression of endogenous Nav and Kv channels ([@bib21]). To study whether such conversion is also efficient in mature neurons, we transfected Kv3 constructs into cultured hippocampal neurons at 15 DIV and performed whole-cell recording at 17 DIV. We found that all Kv3 isoforms, including Kv3.3, were able to convert some mature SS neurons (17 DIV) into FS ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}). Similar to those observed in young neurons, we never observed FS activity from mature hippocampal neurons (17 DIV) without transfection with Kv3s. However, all four Kv3 constructs had similar efficiency in converting mature SS neurons into FS ones ([Figure S1](#mmc1){ref-type="supplementary-material"}). It is worth noting that Kv3 transfection alone is not sufficient for producing FS. A large portion of transfected young and mature neurons (approximately 55%--70%) remained SS despite these neurons also displaying large outward Kv3 currents ([Figures 1](#fig1){ref-type="fig"}G and [S1](#mmc1){ref-type="supplementary-material"}D).

Our results are consistent with previous studies showing that either expressing Kv3.1 or injecting Kv3.1-like currents into the SS neurons can partially convert these neurons to FS ([@bib21], [@bib41]). Our results also demonstrated that, in addition to Kv3.1, other Kv3s could also partially convert neurons from SS to FS.

Quantitative Differences in Biophysical Properties of Kv3 Channel Isoforms {#sec2.2}
--------------------------------------------------------------------------

Although Kv3 isoforms overall share similar biophysical properties (compared with other Kv channels), such as high activation threshold and fast activation and deactivation kinetics ([@bib58], [@bib59]), so far only Kv3.1 channel was previously shown to be partially sufficient for the SS-FS conversion ([@bib21], [@bib41]). It is possible that certain Kv3 isoforms, such as Kv3.1, may be more effective than others in FS induction. Indeed, we observed that Kv3.3 expression failed to induce FS in young cultured neurons ([Figure 1](#fig1){ref-type="fig"}C), but surprisingly all Kv3s were capable of converting a proportion of mature SS neurons into FS. Our results indicate that the biophysical properties of the four Kv3 isoforms may differentially affect the ability to generate FS firing patterns. To investigate the key biophysical property for FS firing, we performed voltage-clamp recording on HEK293 cells transfected with different Kv3 constructs, including Kv3.1b, Kv3.2b, Kv3.3, and Kv3.4a. These four constructs should represent all Kv3 channels in terms of biophysical properties, because the C-terminal alternative splicing does not affect the biophysical properties of Kv3 channels ([@bib21], [@bib58]). All four constructs were efficiently expressed in HEK293 cells and produced large currents that were sufficient for kinetic analysis ([Figures 2](#fig2){ref-type="fig"}A--2C). Consistent with previous findings, inactivation was observed with Kv3.3 and Kv3.4a ([Figure 2](#fig2){ref-type="fig"}A). Voltage-conductance relationship was similar in Kv3.1b, Kv3.2b, and Kv3.4a, except Kv3.3, which had a steeper slope ([Figure 2](#fig2){ref-type="fig"}D). Kv3.2b and Kv3.3 had slower activation kinetics than those of Kv3.1b and Kv3.4, whereas Kv3.4a and Kv3.2b had slower deactivation kinetics than those of Kv3.1b and Kv3.3 ([Figures 2](#fig2){ref-type="fig"}E and 2F). Interestingly, Kv3.2b expressed in HEK293 cells displayed a wide range in activation time constant, but not in deactivation time constant ([Figures 2](#fig2){ref-type="fig"}G and 2H). In some cells, activation of Kv3.2b channels was very slow ([Figure 2](#fig2){ref-type="fig"}G), with activation time constant between 2.4 and 3.6 ms, even slower than that of Kv1.2. However, Kv3.2 expression was quite effective in FS induction in both young and mature neurons ([Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}). The voltage-clamp results of Kv3.3 in HEK293 cells did not clearly reveal why Kv3.3 was effective in FS induction in mature neurons but not in young neurons.Figure 2Biophysical Properties of Four Kv3 ChannelsTwo days after transfection, HEK293 cells that were transfected with Kv3.1b, Kv3.2b, Kv3.3a, or Kv3.4a were recorded with the voltage-clamp mode.(A) Voltage-clamp recording traces.(B) Tail currents of different Kv3 constructs.(C) Summary of current amplitude in HEK293 cells.(D) The conductance-voltage relationship of the four Kv3 channels.(E) Activation time constant (τ~on~) at +30 mV.(F) Deactivation time constant (τ~off~).(G) The range of Kv3.2b τ~on~.(H) The range of Kv3.2b τ~off~; n = 25.One-way ANOVA followed by Dunnett\'s test was used in (E) and (F). \*\*p \< 0.01.

Inward and Outward Currents in FS and SS Neurons {#sec2.3}
------------------------------------------------

Although voltage-clamp recording of HEK293 cells can accurately reveal biophysical properties of Kv3 channels without the space-clamp issue associated with similar recordings with neurons, HEK293 cells and neurons may possess different endogenous factors that regulate Kv3 channel function. To determine the ionic conductance that may affect FS in neurons, we compared the inward (I~in~) and outward (I~out~) currents recorded under the voltage-clamp mode between FS and SS neurons ([Figures 3](#fig3){ref-type="fig"} and [S2](#mmc1){ref-type="supplementary-material"}). [Figures 3](#fig3){ref-type="fig"}A and 3D demonstrated the representative recording traces of I~in~ and I~out~ during the initial 6-ms period after current injection (see [Figure S2](#mmc1){ref-type="supplementary-material"} for the whole current traces with 200-ms voltage command). Neurons with very low I~out~, which was similar to the I~out~ of untransfected neurons, may not express exogenous Kv3 constructs and therefore were excluded from analysis. In young neurons (7 DIV) transfected with any of the four Kv3 constructs, converted FS neurons and remaining SS neurons were pooled into two groups (FS versus SS). All these neurons (both SS and FS) displayed large Kv3-like outward currents, indicating good transfection efficiency. The peaks of inward and outward current traces were measured for the two groups of neurons and are shown in bar graphs for each voltage episode ([Figure 3](#fig3){ref-type="fig"}B). These measured values (I~in~ and I~out~) were peak inward and outward currents, representing Nav and Kv currents, respectively, because of temporal segregation of the two currents. It is important to note that these values are still mixtures due to incomplete segregation. Moreover, I~in~ values were often measured when large Nav currents might not be completely clamped. Nonetheless, these values of I~in~ and I~out~ were recorded under defined experimental conditions and are cautiously used in this article. Interestingly, whereas there was no difference in I~out~ between FS and SS, the SS neurons had significantly smaller I~in~ compared with the FS neurons ([Figure 3](#fig3){ref-type="fig"}B). In Kv3.3-expressing young neurons, I~in~ was quite small ([Figure 3](#fig3){ref-type="fig"}A). Overall, the larger I~in~ appeared to highly correlate with high firing frequencies ([Figures 3](#fig3){ref-type="fig"}A--3C) in young neurons.Figure 3Inward and Outward Currents in SS and FS Neurons That Were Transfected with Kv3 Channels(A) Example traces of voltage-clamp recording (within the initial 6 ms) from young neurons (7 DIV) transfected with different Kv3 constructs.(B) Summary of peak I~out~ and I~in~ from SS and FS neurons measured from the traces in each voltage command (from −40 to 60 mV with 10-mV increment).(C) The average maximal firing frequencies of SS (n = 41) and FS (n = 38) neurons at 7 DIV.(D) Example traces of voltage-clamp recording (within the initial 6 ms) from old neurons (17 DIV) transfected with different Kv3 constructs.(E) Summary of peak I~out~ and I~in~ from SS (n = 40) and FS (n = 37) neurons measured from the traces in each voltage command (from −40 to 60 mV with 10-mV increment).(F) The average maximal firing frequencies of SS and FS neurons at 17 DIV.Unpaired t test was used. \*p \< 0.05, \*\*p \< 0.01.

We performed the same analysis with mature hippocampal neurons at 17 DIV and found that converted FS neurons correlated with significantly larger I~out~ compared with SS neurons ([Figures 3](#fig3){ref-type="fig"}D--3F), which is different from young neurons ([Figures 3](#fig3){ref-type="fig"}A and 3B). Compared with young (7 DIV) neurons, mature (17 DIV) neurons had significantly larger endogenous inward currents, which were similar in both FS and SS neuron groups ([Figures 3](#fig3){ref-type="fig"}D and 3E). It appeared that the amount of I~out~ determined the FS or SS phenotype in mature neurons ([Figures 3](#fig3){ref-type="fig"}D--3F). The variation of I~out~ amplitude likely resulted from varied expression efficiency and membrane targeting of channel proteins in different neurons. Taken together, these results indicate that the proper ratio between Nav and Kv3 currents is essential for FS induction.

Concerted Actions of Kv3 and Nav Channels Are Sufficient for FS Induction {#sec2.4}
-------------------------------------------------------------------------

To determine whether over-expression of Nav channels can induce FS, we transfected young neurons with Nav1.2 or Nav1.6 constructs and performed whole-cell recording ([Figures 4](#fig4){ref-type="fig"}A and 4E). Both Nav1.2 and Nav1.6 are expressed in the CNS ([@bib65]). In particular, Nav1.6 is a candidate channel for resurgent Na^+^ currents ([@bib11], [@bib38], [@bib56]). Over-expressing either Nav1.2 or Nav1.6 in cultured hippocampal neurons at 7 DIV failed to induce FS in any neuron, although their expression was confirmed by markedly increased (\>150%) inward currents recorded under the voltage-clamp mode ([Figures 4](#fig4){ref-type="fig"}A, 4E, and [S3](#mmc1){ref-type="supplementary-material"}). Thus, increasing Nav current alone does not induce FS.Figure 4Concerted Action of Nav and Kv3 Channels Is Completely Sufficient for FS InductionThis experiment was carried out in young neurons (7 DIV).(A--D) Example traces of current-clamp (CC, left) and voltage-clamp (VC, right) recordings that were carried out in neurons transfected with Nav1.2 alone (A), or plus Kv3.1b (B), Kv3.3 (C), or YFP-Kv1.2 (D).(E--H) Example traces of current-clamp (CC, left) and voltage-clamp (VC, right) recordings that were carried out in neurons transfected with Nav1.6 alone (E), or plus Kv3.1b (F), Kv3.3 (G), or YFP-Kv1.2 (H).(I) The input-output relationship of neurons transfected with Nav1.2 and others.(J) The input-output relationship of neurons transfected with Nav1.6 and others.(K) Summary of percentage of neurons converted into FS under different conditions.

To determine whether co-expression of any isoform of Nav and Kv3 channels can induce FS, we co-transfected the neurons with Nav1.2 or Nav1.6 and Kv3.1b or Kv3.3. Together with Kv3.1b or Kv3.3, either Nav1.2 or Nav1.6 significantly increased the maximal firing frequencies and induced FS in every transfected neuron ([Figure 4](#fig4){ref-type="fig"}). In contrast, when co-expressed with YFP-Kv1.2, both Nav1.2 and Nav1.6 failed to convert SS young neurons into FS ([Figures 4](#fig4){ref-type="fig"}D, 4H, and 4I--4K). Voltage-clamp recording confirmed significantly increased inward and outward currents in these neurons that were co-transfected with Nav and Kv3 constructs ([Figures 4](#fig4){ref-type="fig"} and [S3](#mmc1){ref-type="supplementary-material"}). Although Kv3.1b and Kv3.3 differ in FS conversion in young neurons ([Figure 2](#fig2){ref-type="fig"}), they behaved indistinguishably in the presence of Nav1.2 or Nav1.6 ([Figure 4](#fig4){ref-type="fig"}), suggesting that the failure of FS induction by Kv3.3 in young neuron might mainly result from inadequate endogenous Nav currents. Therefore, our results revealed that co-expression of Nav and Kv3 channels induce FS with 100% efficiency. Moreover, although Nav1.6 itself was not sufficient to induce FS, it appeared that Nav1.6 could induce a higher firing frequency when co-expressed with YFP-Kv1.2, compared with Nav1.2 ([Figure 4](#fig4){ref-type="fig"}). Furthermore, the input-output relationship indicates that Nav1.6 appears to be more effective in increasing the AP firing frequency at low injection currents in the presence of Kv3.1b or Kv3.3 ([Figures 4](#fig4){ref-type="fig"}I and 4J).

Axon-Dendrite Targeting of Kv3 Channels in FS Induction {#sec2.5}
-------------------------------------------------------

To determine whether axon-dendrite targeting of the four Kv3 channel isoforms plays a key role in inducing and maintaining FS, we performed immunostaining for expressed Kv3 and endogenous Nav channels. Our previous studies showed that the two splice variants of Kv3.1, Kv3.1a and Kv3.1b, are mainly targeted to dendritic and axonal membranes, respectively, which fine-tunes the maximal firing frequency ([@bib21], [@bib72]). Using non-permeabilized staining with an anti-hemagglutinin (HA) antibody, we examined the localization patterns of surface Kv3.1aHA and Kb3.1bHA, and compared them with those of endogenous Nav channels at the AIS ([Figures 5](#fig5){ref-type="fig"}A and 5B). Importantly, there were more Kv3.1bHA than Kv3.1aHA at the AIS, colocalizing with endogenous pan Nav channels ([Figures 5](#fig5){ref-type="fig"}A and 5B), which is consistent with the fact that Kv3.1bHA can induce higher maximal frequency of AP firing. Nav1.2 is the subunit that expresses at the early developmental stage. Transfection of Kv3.3, but not Kv3.1bHA, Kv3.2b, and Kv3.4aHA, at 5 DIV, significantly reduced the overall levels of Nav1.2 at soma at 7 DIV ([Figures 5](#fig5){ref-type="fig"}C and 5D). This explains at least in part why Kv3.3 channel expression failed to convert any young neuron into an FS one ([Figure 1](#fig1){ref-type="fig"}). In contrast, over-expression of Kv3 channel constructs in mature neurons did not significantly change the expression level of endogenous Nav channels. Hippocampal neurons at 14 DIV were transfected with Kv3.1b, Kv3.2b, Kv3.3, or Kv3.4a and stained at 16--17 DIV. All these Kv3 channel constructs were expressed well in mature neurons ([Figures 5](#fig5){ref-type="fig"}E--5H). Their total proteins were present in soma, dendrites, and axons, as well as at the AIS colocalizing with endogenous Nav channels ([Figures 5](#fig5){ref-type="fig"}E--5H).Figure 5Subcellular Localization Patterns of Nav and Different Kv3 Channels(A and B) In young neurons (7 DIV), localization of surface Kv3.1aHA (A) and Kv3.1bHA (B) versus endogenous pan-Nav channels was examined. Anti-HA staining was performed under non-permeabilized condition. The AIS (red arrows) is shown in the insets at the top right corners.(C) Expression of Kv3.2b (green), Kv3.3 (green), and Kv3.4aHA (green) in young neurons differentially changed the endogenous level of Nav1.2 (red). Red arrowheads, transfected neurons; white arrowheads, untransfected neurons.(D) Summary of the effects of Kv3 channel expression on endogenous Nav1.2 level at soma. 1, Kv3.1bHA (10); 2, Kv3.2b (9); 3, Kv3.3 (11); 4, Kv3.4aHA (10). One-way ANOVA followed by Dunnett\'s test: \*p \< 0.05.(E--H) In old neurons (17 DIV), localization of expressed Kv3.1bHA (E), Kv3.2b (F), Kv3.3 (G), and Kv3.4aHA (H) versus endogenous pan-Nav channels was examined.

Our recent studies indicate that both Kv3.1b and Nav1 channels bind to ankyrin-G (AnkG) at the AIS, although the functional consequences are different ([@bib3], [@bib72]). To determine how AnkG might affect the balance of the two channels, we co-expressed Kv3.1b and Nav1.6 with or without AnkG short hairpin RNA vector (AnkGsiR) into young hippocampal neurons and performed current- and voltage-clamp recordings. In the presence of AnkGsiR, Kv3.1b and Nav1.6 failed to induce FS, likely due to the markedly reduced inward current ([Figure 6](#fig6){ref-type="fig"}). In contrast, the reduction of outward Kv3 currents was insignificant ([Figure 6](#fig6){ref-type="fig"}). Thus, AnkG differentially regulates membrane targeting of the two channels and may be involved in their imbalanced activity.Figure 6Knocking Down Ankyrin-G Significantly Altered the Balance of Nav and Kv3.1 Channels, Leading to Disrupted FS(A) Example traces of current- (top) and voltage- (bottom) clamp recording of neurons transfected with YFP alone, Nav1.6 + Kv3.1b, or Nav1.6 + Kv3.1b + AnkGsiR.(B) The input-output relationship.(C) Summary of AP amplitude.(D) Summary of AP duration.(E) Extended current traces of voltage-clamp recording (the initial 6 ms) at the command potentials of 0 mV (left) and +40 mV (right).(F) Summary of inward and outward currents under three different conditions.(G) Localization of Nav1.6 and Kv3.1bHA in neurons with (top) and without (bottom) AnkGSiR.(H) Summary of Nav1.6 and Kv3.1bHA staining intensities at the AIS.Unpaired t test was used. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Despite the clear experimental results, our analyses only included a limited number of Nav and Kv channels. In mammalian genome, there are 14 genes for Nav α and β subunits and 12 subfamilies of Kv channel genes (total 40). Therefore, it remained unknown whether other potential players are involved in FS induction.

Genome-wide Analysis Reveals Robust Correlation of Kv3 and Nav mRNA Levels with FS {#sec2.6}
----------------------------------------------------------------------------------

To unbiasedly determine all the potential key channel genes involved in FS induction, we performed RNA sequencing (RNA-seq)-based genome-wide analysis of correlations of mRNA levels of Nav and Kv channels with the firing frequency in different central neurons. The major assumption is that the total mRNA level of a gene generally correlates with its total protein level. RNA-seq datasets of 14 different types of neurons labeled by YFP under various promoters (*Ctgf*, *Ndnf*, *Rbp4*, *Chma2*, *Chat*, *Htr3a*, *Nr5a1*, *Sst*, *Scnn1a*, *Gad2*, *Vip*, and *Pavlb*) were obtained from the Allen Institute for Brain Science. The average maximal firing frequencies of these neurons are either available from the Allen Institute for Brain Science or from the literature. The neurons were divided into four groups based on the frequencies: high firing (*Pvalb* in the visual cortex; *Pvalb* in the auditory cortex and globus pallidus), medium high firing (*Gad2* in the lateral hypothalamus and visual cortex, *Sst* and *Scnn1a* in the visual cortex), medium firing (*Nr5a1* in the visual cortex, *Sst* in the auditory cortex, and *Htr3a* in the anterior lateral motor area), and low firing (*Chat*, *Chrna2*, *Ctgf*, *Ndnf*, and *Rbp4* in the visual cortex) ([@bib23], [@bib31], [@bib36], [@bib37], [@bib45], [@bib62], [@bib64]).

First, we determined the correlations between different Kv channel subfamilies and Nav pore-forming α-subunit (Nav1) family. Due to their implicated roles in FS, HCN and two-pore K^+^ channel subfamilies (TWIK and TASK) were also included in the analysis. The mRNA counts of different channel isoforms within the same subfamily were added together with equal weight. This is because our experimental results suggest that different isoforms of Kv3 and Nav channels appear interchangeable ([Figures 1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). We generated one graph for each pair of Kv channel subfamily and Nav1 channel and grouped the neurons with medium high and medium firing rates into one group here. Kv3 channel subfamily clearly stood out for the strongest apparent correlation of Kv3/Nav1 ratio and firing rate ([Figures 7](#fig7){ref-type="fig"}A--7D and [S4](#mmc1){ref-type="supplementary-material"}). In sharp contrast, the ratios of Kv4 and Kv7 inversely correlated with the firing rate ([Figures 7](#fig7){ref-type="fig"}C and 7D). Interestingly, the ratios of Kv1 or Kv7 mRNA and Nav1 mRNA fall into a very narrow range in all the neurons regardless of the firing rate ([Figures 7](#fig7){ref-type="fig"}A and 7D).Figure 7The mRNA Ratio between Kv3 and Nav1 Channels Best Correlates with the Firing Rate among all K^+^ Channel SubfamiliesRNA-seq datasets were obtained from the Allen Institute for Brain Science.(A) Correlation between Kv1 and Nav1 channels in 14 different types of neurons. The FPKM values of all the isoforms of Kv1 channel subfamily were added up with equal weight to represent the overall Kv1 channel expression. The Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values of all the isoforms of Nav1 channels were added up to represent the overall Nav1 channel expression.(B) Correlation between Kv3 and Nav1 channels. The FPKM values of all the isoforms (Kv3.1--Kv3.4) of Kv3 channel subfamily were added up to represent the overall Kv3 channel expression.(C) Correlation between Kv4 and Nav1 channels.(D) Correlation between Kv7 and Nav1 channels. High-firing neurons are shown in red, medium-firing neurons in yellow, and low-firing neurons in black.(E) Correlations between the K^+^/Nav1 ratio and the firing rate in different neurons.(F) Correlations between the K^+^ channel subfamilies and Nav1 channels in different neurons, regardless of the firing rate.In (E) and (F), each color indicates a channel subfamily.

Next, we performed Kendall correlation ([@bib32]) between the channel mRNA ratio and the firing rate (four groups here: high, medium high, medium, and low firing). Kv3, Kv10, and TASK subfamilies were the top three with positive correlation, indicating that the high ratio between their mRNA and Nav1 mRNA is associated with a high firing rate in neurons ([Figure 7](#fig7){ref-type="fig"}E). In contrast, Kv12, Kv5, Kv8, and Kv7 were the top four negative correlations, indicating that the high ratio between their mRNA and Nav1 mRNA is associated with a low firing rate in neurons ([Figure 7](#fig7){ref-type="fig"}E). Furthermore, it is important to note that the total mRNA level of Kv3 (up to ∼220) was approximately 36-and 12-fold higher than those of Kv10 (up to ∼6) and TASK (up to ∼18), respectively ([Figures 7](#fig7){ref-type="fig"}B, [S4](#mmc1){ref-type="supplementary-material"}F, and S4K). It is most likely that such a major difference at the mRNA level reflects a substantial difference at the protein level as well. Therefore, Kv3 is the only Kv subfamily whose ratio with Nav1 channels well correlates with the firing frequency in neurons.

In Kendall correlation between Kv and Nav1 channel subfamilies in all neurons regardless of the firing rate, Kv7, Kv1, and Kv2 subfamilies were the top three ([Figure 7](#fig7){ref-type="fig"}F). This result suggests that these Kv channels are important balancers (providing outward currents) to Nav1 channels (providing inward currents) to ensure AP firing in all neurons.

Finally, we performed Kendall correlation between the mRNA ratio of individual channel genes and the firing rate (four groups here: high, medium high, medium, and low firing). The most correlated genes were Kv3.1 and Kv3.2, correlating extremely well with all Nav1 isoforms ([Figure 8](#fig8){ref-type="fig"}A). The second tier group of correlative genes included Kv1.8, Kv6.4, Kv8.2, Kv10.2, Kv11.1, Kv12.1, HCN3, TASK1, and TASK5 ([Figure 8](#fig8){ref-type="fig"}A). However, these second tier genes all had much lower mRNA levels compared with those of Kv3.1 and Kv3.2 ([Figures 8](#fig8){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}) and hence are unlikely to play an important role in FS induction and maintenance. Furthermore, we examined Navβ subunits, from Navβ1 to Navβ4, in all neurons that were grouped into high, medium, and low firing. The mRNA levels of Navβ4 were insignificant compared with those of other Navβ genes ([Figure 8](#fig8){ref-type="fig"}C), arguing against a major role played by Navβ4 in FS induction in all central neurons.Figure 8Correlation of the Ratio between Individual K^+^ and Nav1 Channels with the Firing FrequencyRNA-seq datasets were obtained from the Allen Institute for Brain Science.(A) The heatmap shows correlation of the ratios between individual K^+^ and Nav1 channels with the firing frequency. Positive correlations are shown in red, whereas negative correlations are shown in green. Two best correlations, Kv3.1 and Kv3.2, are indicated with "\*." The second-tier genes of good correlations are indicated with black arrowheads.(B) mRNA levels of individual Nav1 and Kv(1--4) channels in neurons with high (top) and low (bottom) firing rate.(C) mRNA levels of Navβ subunits, including Navβ4, in neurons with high, medium and low firing rates.

Discussion {#sec3}
==========

Our results have demonstrated that activities of both Kv3 and Nav channels are required for FS induction and maintenance. When being activated in a proper ratio, the two are sufficient to induce FS, which appears to be true for all isoforms of Kv3 and Nav channels ([Figure S6](#mmc1){ref-type="supplementary-material"}). This is the foundational condition that is sufficient and necessary for inducing FS that is defined by high firing frequency, uniform AP amplitude, and interspike intervals ([Figure S6](#mmc1){ref-type="supplementary-material"}). The maximal frequency of FS can be further adjusted by secondary factors, including the quantitative differences in biophysical properties of channel isoforms within the subfamily, membrane targeting patterns of the channel proteins, significant expression of other types of ion channels, post-translational modifications, and transcriptional and translational modifications ([Figure S6](#mmc1){ref-type="supplementary-material"}).

Kv3 Channels Are Necessary but Not Sufficient for FS Induction in Mammalian Central Neurons {#sec3.1}
-------------------------------------------------------------------------------------------

The overall biophysical properties of Kv3 channel isoforms are similar in terms of high activation threshold and rapid activation and deactivation kinetics. However, these parameters quantitatively differ for different Kv3 isoforms. Which biophysical parameter is the most important one for FS induction and maintenance? To answer this question, we analyzed the four Kv3 constructs expressed in HEK293 cells: Kv3.1b, Kv3.2b, Kv3.3, and Kv3.4a, which is a thorough representation of all the members of the Kv3 subfamily, since alternative splicing at the C terminus does not affect the channel biophysical properties. All fourKv3 isoforms had high activation threshold (\>−20 mV) ([Figure 2](#fig2){ref-type="fig"}D), suggesting its importance. This is because all Kv3 channels appeared capable of supporting FS in mature neurons ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}). In sharp contrast, inactivation observed for Kv3.3 and Kv3.4a appeared to play no role in FS, potentially due to its long timescale (\>100 ms) ([Figure 2](#fig2){ref-type="fig"}A). Furthermore, Kv3.2 and Kv3.3 had relatively slower activation compared with Kv3.1b and Kv3.4; Kv3.2 and Kv3.4 had relatively slower deactivation compared with Kv3.1b and Kv3.3 ([Figures 2](#fig2){ref-type="fig"}E and 2F). However, compared with Kv1.2 (τ~on~: ∼ 2.5 ms; τ~off~: ∼ 3.0 ms) and other slower Kv channels, these values for all Kv3 channels appear to be sufficient for FS induction.

Different from the other three Kv3 constructs, Kv3.2b displayed a large range in its activation time constant but not its deactivation time constant ([Figures 2](#fig2){ref-type="fig"}G and 2H). Its activation in some transfected HEK293 cells was as rapid as that of Kv3.1b, but similar to that of Kv1.2 in other transfected HEK293 cells ([Figure 2](#fig2){ref-type="fig"}G). Surprisingly, Kv3.2b was as effective as Kv3.1b in converting SS neurons to FS ([Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}). It is possible that an endogenous factor that is present in hippocampal neurons but not in HEK293 cells regulates Kv3.2 activation kinetics. It will be interesting to further determine whether this factor also plays a role in regulating AP firing in Kv3.2-expressing SST+ GABAergic interneurons, which normally do not display FS. This is an interesting topic for future investigation. Despite the interesting findings, the analysis of channel biophysical properties did not enable us to isolate one parameter key to FS and to explain why Kv3.3 expression did not induce FS in young neurons.

Interestingly, the role of Kv3 channels in FS appears not evolutionarily conserved. Mammalian Kv3 channels are orthologs of the Shaw channel in fruit fly *Drosophila* ([@bib22]). The Shaw channel activates at more negative potentials and in slower kinetics compared with the Kv3 channels ([@bib69]). It was speculated that the conservation of this channel family through evolution may reflect some aspect of channel function other than K^+^ influx, perhaps protein-protein interactions with other cellular components ([@bib29], [@bib30]). It currently remains unclear whether and how invertebrate animals utilize FS neurons in their nervous systems to carry out important neurophysiological functions. Therefore, the present study only draws conclusions for the mammalian nervous systems.

Trafficking of Kv3 and Nav Channels Plays a Regulatory Role in FS {#sec3.2}
-----------------------------------------------------------------

When expressed in HEK293 cells, Kv3.3 displayed slower activation than Kv3.1b, but it was comparable to that of Kv3.2b ([Figure 2](#fig2){ref-type="fig"}). Kv3.3 also had inactivation similar to Kv3.4a ([Figure 2](#fig2){ref-type="fig"}). Thus, the inability of Kv3.3 in FS induction in young neurons is unlikely due to its biophysical properties. Interestingly, our staining results reveal that the expression of Kv3.3 but not the other three types of Kv3 constructs markedly reduced the endogenous Nav1.2 channel level at the soma of young neurons ([Figure 5](#fig5){ref-type="fig"}). In contrast, none of the Kv3 constructs affected Nav channel overall levels or its level at the AIS in mature neurons ([Figure 5](#fig5){ref-type="fig"}). This appears consistent with the voltage-clamp results of transfected neurons in the amplitude of their inward currents ([Figure 3](#fig3){ref-type="fig"}). Why did Kv3.3 expression affect Nav channel levels in young neurons but not in older neurons? It is possible that Kv3.3 channel proteins compete with Nav channel proteins for trafficking machinery in young neurons. Our previous studies showed that Kv3.1b channel directly binds to conventional kinesin KIF5B and AnkG via conserved regions in its N and C termini, respectively ([@bib72], [@bib73]). Due to the presence of these conserved regions in Kv3.3, Kv3.3 likely binds to KIF5B and AnkG as well. Our recent studies showed that KIF5B and AnkG are critical for Nav1.2 axonal transport, as well as for its general forward trafficking ([@bib3]), raising the possibility of competing trafficking between Kv3.3 and Nav1.2. Furthermore, a recent study reported that Kv3.3 channels are specifically linked to actin cytoskeleton via HS-1 associated protein X-1 (Hax-1), an anti-apoptotic protein that regulates actin nucleation through Arp2/3 ([@bib74]). Hax-1 and cortical actin network regulate the membrane localization and inactivation of Kv3.3 channels ([@bib74]). The Kv3.3-Hax-1 binding is mediated by a non-conserved proline-rich region in the cytoplasmic C terminus of Kv3.3 channel ([@bib74]). These findings provide important clues for understanding how Kv3.3 exactly competes with Nav channels in young neurons in future studies. On the other hand, mature (or older) neurons (at 15 DIV) likely already have enough endogenous Nav channel proteins at the right places, including the AIS. So endogenous Nav channels are less likely altered by Kv3.3 channel transient expression in mature neurons.

All Nav1 Channel Isoforms Expressed in the CNS Should Be Capable of Supporting FS {#sec3.3}
---------------------------------------------------------------------------------

Our results indicate that a proper balance of Kv3 and Nav channels is critical for FS ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Consistent with this notion, large Kv3 but small Nav currents are unlikely able to support FS. One extreme example is starburst amacrine cells. They are the only retinal neurons containing acetylcholine and can generate spiking-like potentials. Although it was debated whether amacrine cells can generate real APs ([@bib10]), they are certainly unable to display FS. Interestingly, in starburst amacrine cells in mouse retina, large Kv3 currents (up to 10 nA) were detected to be mainly carried by Kv3.1 and Kv3.2 channels ([@bib53]), whereas the average Nav current was very small, around 0.12 nA ([@bib10]). Their inability of FS is consistent with our model.

In the present study, we provide several lines of evidence to support our new model that a proper balance of Kv3 and Nav channel activities is necessary and sufficient for FS induction. First, our analysis of SS and FS neurons that were transfected revealed that high inward (Nav) currents are critical for FS young neurons, whereas high outward (Kv) currents are critical for FS old neurons ([Figures 3](#fig3){ref-type="fig"} and [S2](#mmc1){ref-type="supplementary-material"}). As discussed in the previous section, endogenous Nav1 channels are normally low at the early developmental stage and more likely to be disrupted by Kv3 channel expression. It is possible that only those young neurons with sufficient amount of Nav channel proteins can be converted into FS. In sharp contrast, endogenous Nav channel proteins in mature neurons are less likely disrupted by Kv3 expression, when Kv3 expression level becomes a determinant due to potential interference by high levels of other types of endogenous ion channels.

Second, co-expression of Kv3 and Nav1 channels resulted in FS with 100% efficiency ([Figures 4](#fig4){ref-type="fig"} and [S3](#mmc1){ref-type="supplementary-material"}). In fact, the maximal firing frequencies of any combination between Nav1.2/Nav1.6 and Kv3.1/Kv3.3 were similar ([Figure 4](#fig4){ref-type="fig"}), although these channels have different biophysical properties. It is important to note that increasing the Nav1 expression alone (including Nav1.6) did not increase the firing frequency at all ([Figure 4](#fig4){ref-type="fig"}). Moreover, our results indicated that Nav1.2, as well as Nav1.6, can operate together with Kv3 channels to support FS. Nav1.6 but not Nav1.2 was implicated in resurgent Na^+^ currents ([@bib11], [@bib38], [@bib56]). Third, our analysis with the RNA-seq data shows a robust correlation between Kv3/Nav1 mRNA ratio and firing frequency ([Figures 7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, and [S5](#mmc1){ref-type="supplementary-material"}). It is important to note that the level of Nav1.1 is the highest in PV+ FS interneurons and correlates well with the firing rate of the neurons ([Figures 8](#fig8){ref-type="fig"} and [S5](#mmc1){ref-type="supplementary-material"}). It strongly suggests that Nav1.1 can support FS as well if co-expressed with Kv3 channels. Therefore, FS induction does not seem limited only to a few isoforms of Kv3 and Nav1 channel families; instead it appears that all isoforms in these two families are capable of supporting FS.

Resurgent Nav channels may not be necessary and are certainly not sufficient for FS induction. Nav1.1, Nav1.2, and Nav1.6 are the three major neuronal Nav1 channels, and all can support FS. Together with YFP-Kv1.2, Nav1.6 appeared slightly more effective than Nav1.2 in increasing the AP firing frequency ([Figure 4](#fig4){ref-type="fig"}). However, the AP firing pattern with Nav1.6 and YFP-Kv1.2 is still different from FS. Among all non-Kv3 isoforms, Kv1.2 is the fastest in terms of activation and deactivation kinetics. On the other hand, the mRNA levels of Navβ4 are very low compared with other Navβ subunits based on our analysis with RNA-seq databases ([Figure 8](#fig8){ref-type="fig"}C). Therefore, Nav1.6 and Navβ4 are unlikely to play a primary role in FS induction. It is important to note that we mainly focus on the maximal firing frequency of FS neurons in the present study. There are certainly other means to alter the firing frequencies of other types of neurons, for instance, SS neurons.

Potential Regulatory Roles of Other Types of Ion Channels in FS {#sec3.4}
---------------------------------------------------------------

Although we show that Kv3 (Kv3.1b and Kv3.3) and Nav1 (Nav1.2 and Nav1.6) together are capable of inducing FS in SS hippocampal neurons ([Figure 4](#fig4){ref-type="fig"}), it was still unknown whether FS neurons indeed use these native channels for their AP firing *in vivo*, and whether other unexpected channels are involved in FS induction. To address these questions, we performed a genome-wide analysis using RNA-seq database available from the Allen Institute for Brain Science, by focusing on all Nav and Kv channels, as well as the channels that were implicated in FS neuron functions, including HCN and two-pore K^+^ channels ([Figures 7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, [S4](#mmc1){ref-type="supplementary-material"}, and [S5](#mmc1){ref-type="supplementary-material"}). This represents the first attempt of using genome-wide analysis to address this question in the field, thanks to the availability of the database from the Allen Institute for Brain Science. Each type of neurons expresses a distinct set of ion channels at different levels, and the neuronal excitability features reflect a compromise of channel actions. Kv3 channel subfamily is the best in terms of its ratio to Nav1 channels correlating with neuronal firing rates in different neurons ([Figures 7](#fig7){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). The only outlier of Kv3/Nav1 ratio and firing rate is the *Chat* neuron, which is low-firing-frequency neuron, although both its Kv3/Nav1 ratio and Kv3 mRNA level are reasonably high ([Figure 7](#fig7){ref-type="fig"}B). However, after examining the expression of individual genes, we found that Kv3.2 but not Kv3.1 channel mRNA is the predominant species within the Kv3 subfamily expressed in the *Chat* neuron. Given its unique biophysical feature in activation kinetics ([Figure 2](#fig2){ref-type="fig"}), Kv3.2 may activate very slowly to support FS in some central neurons due to the lack of that endogenous modulator, such as the *Chat* neurons. Among individual Kv3 channels, Kv3.3 and Kv3.4 mRNAs do not appear to correlate with FS in central neurons ([Figures 8](#fig8){ref-type="fig"} and [S5](#mmc1){ref-type="supplementary-material"}).

Kv10 and TASK channels were ranked the second and third in such correlation, behind Kv3 channels ([Figure 7](#fig7){ref-type="fig"}E). However, the absolute levels of Kv10 and TASK are too low to be a major player in influencing the firing rate ([Figures 8](#fig8){ref-type="fig"} and [S5](#mmc1){ref-type="supplementary-material"}). Importantly, their activation and deactivation kinetics are also significantly slower than those of Kv3 channels. Thus, they are unlikely to be a determinant for FS induction. In contrast, it appears that the high expression levels of Kv4 and Kv7 (as well as Kv5 and Kv12) appear to negatively correlate with FS neurons ([Figures 7](#fig7){ref-type="fig"}C--7E). The significant presence of these Kv channels with slow activation kinetics likely reduces the intrinsic firing rate of the neurons.

Our analysis has revealed another interesting point that the level of Kv1, Kv2, or Kv7 strongly correlates with the level of Nav1 channels in all neurons examined, regardless of their firing rates ([Figures 7](#fig7){ref-type="fig"}A, 7D, 7F, and [S4](#mmc1){ref-type="supplementary-material"}). This result suggests that these channels play a key role in maintaining the balance of inward and outward currents in various neurons to ensure the generation of APs in general. This appears consistent with the functions of these channels. Taken together, the genome-wide analysis not only provided strong support to our model based on our electrophysiological data but also revealed interesting unexpected points that will be further evaluated in future investigation.

Alteration of FS through Regulation of Kv3 and Nav Channels in Health and Disease {#sec3.5}
---------------------------------------------------------------------------------

Mutations of Nav1 and Kv3 channels have been identified and linked to diseases in humans. Mutations in the Nav1.1 (SCN1A) channel are responsible for a number of epilepsies, from mild early-life febrile seizures to Dravet syndrome (severe myoclonic epilepsy of infancy) ([@bib18], [@bib40], [@bib70]). However, it is interesting that, among hundreds of identified Nav1.1 mutations, both decreasing and increasing channel activity can cause hyper-excitability of neural networks and hence epileptic seizures ([@bib54]). Based on our new model, Nav1.1 mutations may alter the proper ratio between Kv3 and Nav1 channels, and hence disrupt neuronal AP firing. Indeed, both Nav1.1 and Kv3.1 channels are expressed in PV+ interneurons ([@bib24], [@bib50]), and their imbalanced activities may reduce interneuron firing leading to hyper-excitability of neural networks. Mutations in Nav1.2 and Nav1.6 were found to associate with epilepsies and neurodevelopmental disorders ([@bib49], [@bib71]). On the other hand, mutations in Kv3.1 and Kv3.3 genes reportedly lead to progressive myoclonic epilepsy and spinocerebellar ataxia, respectively ([@bib17], [@bib47], [@bib68]). Our new model may help to gain new mechanistic insights into the pathogenesis of these disorders.

Regulations of individual Kv3 and Nav1 channels have been extensively studied, especially the regulation at the level of post-translational modification (i.e., protein phosphorylation) (for details see reviews [@bib7], [@bib30]). To study one channel at a time has been a major research strategy in the field. Our new model indicates that the regulation of AP firing patterns may be better understood through examining the balance of Na^+^ and K^+^ channels.

Limitations of the Study {#sec3.6}
------------------------

In the present study, we only measured AP firing using a recording pipette from the neuronal soma, picking up the back-propagating AP from the AIS, where APs are initiated. The polarized axon-dendrite targeting of Kv3 channels may certainly affect neuronal electrical signaling, especially in distal processes including axonal terminals and distal dendrites. It will be an interesting topic for future investigation. Of note, the values of inward (I~in~) and outward (I~out~) currents may not accurately represent the Nav and Kv currents in the neuron due to potential space-clamp problem, large Nav currents not being completely clamped, and incomplete temporal segregation of the two currents. Nonetheless, these values of I~in~ and I~out~ are well defined here, allowing us to perform current-clamp and voltage-clamp recordings on the same neuron under the same condition. With this caveat, we cautiously interpreted our results in this study.

Why did Kv3.3 expression affect Nav channel levels in young neurons? Although we have discussed the possibility that Kv3.3 channel proteins compete with Nav channel proteins for trafficking machinery in young neurons in a previous section, we currently do not have any additional experimental data to address this question. Moreover, an unknown regulatory factor may be involved to complicate the problem. This represents a question that has been raised by this study for future investigation.

It is important to note that the mRNA level may not always perfectly correlate with the protein level for any particular gene that expresses in a neuron. Furthermore, even the total protein level of an ion channel may not perfectly correlate with its level on the neuronal surface, which is a prerequisite for the channel\'s role in AP firing. While keeping these caveats in mind, we assumed that mRNA levels overall correlate with protein levels for most genes. Moreover, this is the best database that is currently available for our analysis.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods, Figures S1--S6, and Table S1
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